Protein folding has become one of the best understood biochemical reactions from a kinetic viewpoint. The funneled energy landscape, a consequence of the minimal frustration achieved by evolution in sequences, explains how most proteins fold efficiently and robustly to their functional structure and allows robust prediction of folding kinetics. The folding of Rop (repressor of primer) dimer is exceptional because some of its mutants with a redesigned hydrophobic core both fold and unfold much faster than the WT protein, which seems to conflict with a simple funneled energy landscape for which topology mainly determines the kinetics. We propose that the mystery of Rop folding can be unraveled by assuming a double-funneled energy landscape on which there are two basins that correspond to distinct but related topological structures. Because of the near symmetry of the molecule, mutations can cause a conformational switch to a nearly degenerate yet distinct topology or lead to a mixture of both topologies. The topology predicted to have the lower free-energy barrier height for folding was further found by all-atom modeling to give a better structural fit for those mutants with the extreme folding and unfolding rates. Thus, the non-Hammond effects can be understood within energy-landscape theory if there are in fact two different but nearly degenerate structures for Rop. Mutations in symmetric and regular structures may give rise to frustration and thus result in degeneracy.
U
nderstanding the evolutionary capacity of proteins to overcome changes in sequence to retain their three-dimensional structures and function is an alternative way to formulate the protein-folding problem. The funneled energy landscape that arises to tolerate mutation(s) gives kinetically competent folders as long as stability is maintained (1, 2) . The general experience from structural studies of mutant proteins with single substitutions is that the effect of mutations is usually rather minor and localized in the structure. Several proteins have even been shown to retain their global tertiary structure despite extensive redesign of their hydrophobic cores (3) . The large sequence space giving a single protein topology is well illustrated by the huge families of structurally related proteins, sometimes found even with no discernible sequence homology (4) (5) (6) , thus raising the question of possible convergent evolution. Structurally homologous proteins also usually show a conserved folding mechanism (3, 7) , as would be expected for a simple funneled landscape. Proteins with similar native structures usually will have similar structures of the transition state. Thus, variations in their folding rates usually correlate with native-state stability (3, 8) . On funneled landscapes, mechanistic intermediates and barriers arise from a tradeoff of chain entropy and stabilization energy that is reflected in native protein topology (1, 2, 9) . As we shall see, the power of evolution to achieve a funneled landscape may be limited by the physics of symmetry (10) .
This article focuses on the Rop protein, which, experiments show, displays anomalous mutational effects on its folding kinetics and on its structure. Prima facie, the anomalous folding behavior of Rop cannot be readily explained by the funneled energy-landscape concept. As we shall see, however, Rop may represent ''the exception that proves the rule'' for energy-landscape theory. Most critically, Rop is a homodimer. Its function is to bind two RNA hairpins in a key step regulating the replication of ColE1 plasmid in Escherichia coli. After association, both monomers, each of which is unstructured in the free form, adopt a helix-turn-helix structure. Together they define an antiparallel coiled-coil four-helix bundle (11, 12) . Rop has been elegantly studied in the Regan laboratory (13) (14) (15) by systematically redesigning its hydrophobic core by mutating the residues in the ''a'' and ''d'' positions of the heptad repeats in its eight stacked layers. Several Rop variants were designed to differ in the number of mutated layers and their positions to investigate the effect of core packing perturbations on the stability of the protein and its folding kinetics. The 17 mutants of Rop show different core packing, ranging from what is termed an ''underpacked'' core (i.e., very low dimer stability) when all core residues are alanine to an ''overpacked'' core (i.e., tight interface) when all core residues were replaced by leucine (see Table 1 for a list of Rop variants and more details on the design scheme).
The extreme response of Rop to mutations is exemplified by there being two alternate crystal structures known for its mutants. In one case, Ala-31, which is located in the turn between the helices of each monomer, was replaced by a proline residue (A31P; mutant 13 in Table 1 ). The result is a dramatic conformational change that would not be expected from a single amino acid substitution. The structure of the dimer is changed from an anti topology into a bisecting U topology ( Fig. 1) (16) . This structure was then suggested to be actually a molten globule based on its thermodynamic properties (e.g., low stability and reduced ellipticity) as well as its fluctuations in molecular dynamic simulations (17) . Unexpectedly, the A31P mutant displays some binding ability to the RNA target of Rop, presumably because helices 1 and 1Ј remain adjacent as in the anti topology of the WT Rop. In the second case, redesigning the dimer to have two alanine and two isoleucine residues in each of the six central layers of the dimer interface (Ala 2 Ile 2 -6) results in a stable and highly ␣-helical dimer but with no ability to bind the RNA target of Rop. The loss of activity of Ala 2 Ile 2 -6 is surprising because Ala 2 Leu 2 -6, which differs from Ala 2 Ile 2 -6 only by having leucine in the ''d'' positions instead of isoleucine, does in fact show Rop activity. The crystal structure of Ala 2 Ile 2 -6 shows that this mutant adopts the syn topology (Fig. 1) , obtained by a 180°flip of one monomer around an axis normal to the dimer interface. This reorientation of the two monomers splits the face formed by helices 1 and 1Ј, which is essential for RNA binding. The anti and syn forms of Rop dimer correspond to two different basins on the energy landscape (Fig. 1) .
Beyond these dramatic structural changes, the folding kinetics of Rop mutants offers mysteries as well. The kinetic issues are observed mainly in the mutants comprising class I, which include two alanine and two leucine residues in a redesigned layer of the core and differ in the number and positions of the mutated layers (the folding kinetics of the mutants in classes II-V were not studied). These mutants have CD spectra similar to the WT Rop, and all show cooperative thermal denaturation. They also all show in vitro binding affinity comparable to WT Rop, an observation that supports the idea that all the mutants share a structure similar to the WT. However, it is problematic and most interesting that these mutants fold and unfold faster than the WT Rop. The increases in forward and backward rates depend on the number and position of repacked layers within the core, and for the mutant with all eight layers repacked (Ala 2 Leu 2 -8), the folding and unfolding is accelerated by more than two and four orders of magnitude, respectively (15) . The thermal stability of these mutants is decoupled from this chemical stability (15) . Adding to the puzzle, an in vivo assay for the Rop activity indicates that among the 10 mutants in class I, only the variant Ala 2 Leu 2 -2 is active in vivo and Ala 2 Leu 2 -4 is partially active (18) . One may note that the folding and unfolding rates of these two mutants are similar to those for the WT Rop.
In this article we propose that the Rop mystery can be unraveled by assuming a double-funneled energy landscape for the Rop protein. The Rop mutants, which show different folding kinetics, adopt topologically different ground-state structures or at least have topologies that act as significant traps. This hypothesis is supported, of course, by the discrepancy between the in vitro and the in vivo binding activity of Rop mutants and the existence of variant crystal structures for other Rop-related sequences. Because of the symmetric sequences of these molecules, the anti and syn topologies have very similar core packing. They differ mainly in the relative position of the turns. The bisecting U topology is unlikely to be a strongly competing topology with the anti and syn topologies because of its poor packing and molten-globule properties, yet it can act as a high-energy intermediate in the folding of the other topologies. We thus suggest that for the redesigned sequences of Rop, mostly with repacking of the core edges, a switch of the Rop structure from anti into syn topology can and does occur. For other redesigned Rop proteins with moderate repacking of the core, these two topologies can be degenerate. As we shall see, energylandscape theory suggests a lower free-energy barrier for adopting the syn topology in comparison to the anti topology. Thus, we argue that the mystery is resolved if the Rop mutants with the fast folding and unfolding adopt the syn topology and not the anti topology. This hypothesis would also explain the loss of in vivo activity for the fast-folding mutants.
Free-Energy Barrier for Rop Association: Folding to anti or syn Structural Topologies Native Topology-Based Simulations. Theory, experiment, and simulation agree that protein topology is a key determinant of the speed of protein folding (19, 20) and a good predictor of the detailed protein-binding mechanism. The role of topology in binding was illustrated recently by native topology-based (Go) simulations accounting only for native contacts. Such simulations use a perfectly funneled energy landscape. These simulations reproduced the binding mechanism of many homooligomeric protein complexes by accurately predicting whether a folded monomer is prerequisite for their association (21-23). They also do a good job reproducing the 
The Rop variants differ in the number of the mutated layers and their positions. Most of the mutants are designed to have two residues with small side chains (as ''a'' residues) and two residues with larger side chains (as ''d'' residues). A set of mutants was designed in which two, four, six, or eight of the layers of the hydrophobic core were replaced by layers containing alanine at the ''a'' positions and leucine at the ''d'' positions. In other cases isoleucine, valine, and methionine were used to introduce a large side chain into the hydrophobic core instead of leucine. The antiparallel packing of the Rop monomers dictates symmetrical pattern of redesign of the core. Accordingly, redesigning layer 1 has to be accompanied with the redesign of layer 8, the same rule applies between layers 2 and 7 and layers 3 and 6. Each of the mutants is named according to the identity of the residues at the ''a'' and ''d'' positions of the repacked layers: for example, Ala 2Leu2-6 has the six central layers repacked with alanine in the ''a'' positions and leucine in the ''d'' positions. The ''rev'' suffix refers to cases in which layers 2 and 7 have reversed pattern of packing (i.e., the small and large residues are at the ''d'' and ''a'' positions, respectively) to mimic their packing in the WT dimer. The Rop variants can be classified into five classes based on their folding thermodynamics, binding activity, the dimer topology, and their folding kinetics (these classes are similar to those defined in ref. 14) . Based on the in vitro activity, it was concluded previously that all the mutants in class I have the anti topology. The folding rates of the Rop variants were measured at the same final fraction folded or unfolded. Class II contains the A31P mutant of Rop dimer that adopts the bisecting U topology. Class III is comprised of mutants that are highly ␣-helical; however, they completely lost their ability to bind RNA. The structure of Ala 2Ile2-6 is the syn topology. The mutants in classes IV and V are less stable than the WT, and they do not bind RNA. Class IV is comprised of proteins which are underpacked (only Ala 2Met2-8 forms dimer), and Leu4-8 of class V is an overpacked protein that was suggested as forming a tetramer (14) . The data on WT Rop as well as on the mutants of class I were taken from ref. 15 , and the data on the mutant Ala 2Ile2-6 were taken from ref. 34 . For the other mutants, the data were taken from ref. 14. Y, Rop protein that binds RNA; P, partial active proteins; N, no activity; -, no experimental data are reported.
⌽ values characteristic of the binding transition state (24). One may ask whether, on the basis of such models, the anti, syn, and bisecting U topologies of Rop homodimer have different free-energy barrier heights and thus different kinetics of formation through folding͞ binding. The anti and syn topologies were simulated by using a perfectly funneled landscape model based on the crystal structures of the WT Rop and the Ala 2 Ile 2 -6 mutant, respectively. The structures of other Rop mutants have not yet been determined to our knowledge. The simulation protocol of the folding and association of Rop proteins is similar to the one used by us earlier in the studies of other protein complexes (21, 23, 24) .
The free-energy surfaces for folding to anti or syn topologies of Rop dimer were projected onto three reaction coordinates: two corresponding to the folding of each monomer and the third corresponding to association (Fig. 2) . The projected free-energy surfaces for both structures show coupling between monomer folding and association. Although these plots present similar mechanisms for forming either the anti or syn topologies, they give different binding transition-state ensembles (TSEs). The binding TSE for the syn topology has a lower free energy than does that for the anti topology. Plotting the free energy as a function of Q (the fraction of native contacts, which was shown previously to be successful in describing the structure of the TSE of both folding and binding reactions) in Fig. 2C shows that the syn barrier is lower by Ϸ1.6 kcal͞mol (1 cal ϭ 4.18 J) than the anti barrier at their respective folding temperatures in a model based on pairwise additive interactions. To quantify directly the effect of the barrier height on the folding kinetics, Ͼ1,000 folding and unfolding events were sampled for each structure. Fitting the kinetics of both folding and unfolding processes gave single exponential decays. The relative rates are shown in Fig. 2C , illustrating the faster folding and unfolding rates for the syn conformation.
The higher barrier for the anti topology and its slower kinetics at T f indicate an intrinsic difference between the folding mechanisms of these two structures. A Go model, governed by native pairwise interactions, generally underestimates the barrier height because of their lack of nonadditive forces (25). Nonadditivity arises from solvent contribution or side-chain-reorientation effects. The nonadditivity corrections to the barrier heights for folding to the two structures were calculated by introducing such nonadditivity as a perturbation to the pairwise additive Go model. Plotkin and coworkers (26) showed that these perturbations yield higher barriers that more closely fit experiment. The Rop dimer corrections not only change the absolute barrier heights but also increase the relative rate differences. The energy of each sampled conformation is recalculated by using triplet interactions perturbatively in addition to the pairwise interactions. In the native state, the energy contributions of the two-and three-body interactions are 2 N 2 and 3 N 3 , respectively, where N 2 and N 3 are the number of two-and three-body interactions in its native state. For a given conformation, the energies are as E 2 ϭ 2 Q 2 N 2 and E 3 ϭ 3 Q 3 N 3 , where Q 2 and Q 3 are the fractions of native pairwise and triplet interactions in that conformation ( 3 is assigned as 2 N 2 ͞N 3 to preserve overall native stability). The total nonbonded energy of a conformation now is E(␣) ϭ (1 Ϫ ␣)E 2 ϩ ␣E 3 ; ␣ controls the relative contribution of the two-and three-body interactions. The barrier for folding of the anti and syn topological structures as a function of ␣ is shown in Fig. 2D . The barrier heights for both folding reactions increase with ␣; however, the increase for the anti topology is much sharper and is sufficient for ␣ ϭ 0.4 to account for the difference between the fastest and slowest mutants.
⌽ Value Analysis for the Folding TSE of anti and syn Topologies. The degree of structure formation in the folding TSE sheds light on the origin of the smaller syn barrier. The structure of the TSE is usually quantified by using ⌽ values (27, 28) . Experimentally, a ⌽ value for a given residue is the ratio of the effect that a mutation at that position has on the stability of the TSE over its effect on the folded state stability, both relative to the denatured ensemble. A ⌽ value close to 1 means that the mutation similarly affects the thermodynamics of the TSE and the folded state, suggesting that the mutated residue is analogously structured in the TSE as it is in the folded state. Conversely, a ⌽ value close to 0 means that the mutation does not affect the stability of the TSE (relative to its unfolded state), indicating that the mutated residue is unstructured at the TSE. Recently the structures of the binding TSE for various association reactions have been evaluated by using native topology-based model simulations to calculate the contact and residue ⌽ values. A direct comparison between the simulated and experimental ⌽ values was possible for Arc-repressor and the tetramerization domain of p53 (24), giving a generally good correlation. This agreement supports the notion that the structure of the binding Fig. 1 . A schematic representation of a double-funneled energy landscape of Rop dimer and its three structural topologies that correspond to the WT sequence and the mutants Ala 2Ile2-6 and A31P. In these structures, one monomer is colored gray, and the other monomer is colored blue. The loop between the two helices in each monomer is colored orange. Residues Lys-3, Asn-10, Gln-18, and Lys-25 in helices 1 and 1Ј, which constitute the binding site to the RNA (39) , are shown by stick representation. The structure of WT Rop dimer (11) and the Ala 2Ile2-6 mutant (34) is a four-helix coiled coil and has been determined by x-ray crystallography [the structure of the WT Rop was also assigned by NMR (12) ]. The WT Rop has an anti topology and the Ala 2Ile2-6 has a syn topology, which is obtained by a 180°flip of one monomer around an axis normal to the dimer interface. The mutation Ala-31 into Pro is located in the loop and introduces a conformational change into a bisecting U topology (16) . The anti and syn topologies are nearly degenerate and correspond to the two basins. The bisecting U is expected to be less stable than the anti and syn topologies and was not placed on the double-funneled energy landscape because its folding was not studied here.
transition state indeed can, usually, be obtained by the knowledge of the final complex structure alone.
Supported by this success, we calculated the ⌽ values for the binding TSE for the anti and syn topologies. We must point out that for these two structures, ⌽ values have not yet been measured experimentally (indeed, this may be difficult because ideally measuring the kinetics of hetero association of these structurally labile species should be a problem!). The contact ⌽ values for the two topological structures are shown in Fig. 3A . The average contact ⌽ values of each residue are shown superimposed on the structure by using a color scale. The binding TSE for the syn topology is more structured than that of the anti topology. In both cases, the residues near the loop of each monomer (i.e., the C terminus of helix 1 and the N terminus of helix 2) are relatively structured and participate in the nucleus of the folding͞association reaction. The ⌽ values show a symmetric pattern for the two monomers of each topology, which is anticipated for a homodimer but also can be the consequence of averaging over the sampled conformations of the TSE. It is possible that each conformation of the folding TSE of a homodimer will actually be asymmetric, with one chain being more structured than the other chain. This characteristic was observed recently in a simulation study for the TSE of several homooligomers (24). In fact, we see for both topologies some degree of decoupling between the folding of the two chains in the TSE. The anti topology is given a stronger asymmetric structure of the TSE (see Fig. 5 , which is published as supporting information on the PNAS web site).
The ⌽ values for the syn topology and the existence of symmetry between its two chains suggest that the residues near the loops, which are all relatively structured, interact with each other and thus define its folding nucleus. In the anti topology, the residues near the loops are also part of the folding nucleus, but they face the helix termini of the other chain. This observation, in addition to the more asymmetric nature of the TSE conformations, suggests that the residues near the loop of one chain interact with a relatively flexible chain. The participation of the termini in the anti TSE introduces a sharper decrease of the entropy after folding. The larger entropy cost and the lower degree of structure in the folding TSE for the anti topology rationalize its higher free-energy barrier.
Free-Energy Functional. The free-energy profiles for folding Rop dimer into the anti and syn topologies were also calculated by using a detailed, residue-resolution free-energy functional method (29) . This method, also based on a perfectly funneled landscape, is complementary to the simulations. The advantage of the freeenergy functional-based variational numerical calculation is that it is free from sampling issues for high free-energy barrier regions and unfolded states. Thus, free-energy functional methods give more details about folding transition states such as rms deviation (rmsd) of residues without statistical uncertainty. Admittedly, such calculations must make approximations, but such calculations generally give reasonable barrier heights in comparison with experiment. The barriers are consistently higher than those from additive model simulations. The approximations made to describe a free-energy landscape by using site-specific variational localization parameters of residues around their native positions already have the effect of naturally accounting for the nonadditive interactions. Of course, we can explicitly add extra nonpairwise additive terms to the Hamiltonian to enhance the cooperativity, as was done by Eastwood and Wolynes (25).
Free-energy functional methods (29) were largely applied to folding of single domains. We extend these algorithms to the current multichain case by adding a virtual bond between monomers. Because we focus on the differences of folding pathways of different folded structures, we make the bond very weak. The relative folding profiles obtained are insensitive to the choice of intermolecular tethering interactions. As seen in Fig. 3B , the free-energy profiles of both syn and anti have quite high folding barriers. For comparison, we performed the present calculations also on U1A (an ␣͞␤ globule), a typical single-domain protein of similar size. In comparison to that dimer, the Rop dimer has an extremely high and broad barrier (30) , which can be explained by the elongated shape of the dimer and its nearly one-dimensional, dense contact interface. Comparing the profiles for anti and syn topologies, we see again that syn has a lower barrier than does the anti topology, consistent with the results from the topology-based simulation studies. The position of the barrier of the syn topology along the reaction coordinate is closer to the unfolded state than anti topology, again consistent with simulations. The free-energy profile plotted for either the syn or the anti topologies is only one of two parallel folding paths that the functional search uncovered. The two paths reflect the asymmetry of the transition states in that one monomer is more structured than the other.
Modeling the Rop Mutants as anti, syn, and bisecting U Topologies.
Although 17 mutants of the Rop protein have been studied in the laboratory, the crystal structures for only two mutants (Ala 2 Ile 2 -6 and A31P) have been directly determined. The structures of the 10 mutants of class I (see Table 1 ) have been suggested to be very similar to the structure of the WT, because they all bind in vitro to the target RNA complex of Rop, with affinities comparable to that of WT Rop. The recent observation that only one of these mutants binds in vivo to the RNA complex raises some doubts about the validity of the comprehensive assigning of this structure to all the mutants in class I. As we have shown, structural heterogeneity among these mutants would provide a framework for explaining the pronounced speeding up observed for both folding and unfolding reactions of some of these mutants.
To check the assignment of a structure to each of the mutants, the sequence of each Rop mutant was threaded onto the three already observed Rop structures: the anti, syn, and bisecting U topologies. Each resulting designed structure was minimized and simulated by using molecular dynamics to investigate its stability and structural fluctuations. In these simulations, the proteins were simulated by using all-atom models, and the solvent was treated either with explicit solvent or by generalized Born (GB) models (31) . The average rmsd values of the backbone-heavy atoms of each mutant from its redesigned structure are shown in Fig. 4 (see Fig.  6 , which is published as supporting information on the PNAS web site for the GB-modeling results). The structural fluctuations of the WT Rop and the Ala 2 Ile 2 -6 from the anti and syn topologies act as control simulations, because their respective crystal structures have been resolved. As expected, the sequence of WT Rop displays a smaller rmsd for the anti topology than the syn topology when simulated with explicit solvent. When the solvent is represented with the GB model, the rmsd values from the anti and syn topologies are very similar. For the sequence of Ala 2 Ile 2 -6, a clear preference for the syn topology is found with both solvent models.
Although a weak test of integrity, the structural stabilities of all the Rop mutants were probed with respect to the anti and syn topologies by using explicit solvation dynamics by measuring rmsd values, which were found to be Ͻ1.7 Å. The rmsd values show lower values for some of the mutants of class I when modeled as the anti topology, but for the remaining mutants, the rmsd values are lower for the syn topology. The rmsd values of the designed mutants indicate the possibility of a conformational switching for the Rop sequences. The mutants in classes II-V consistently display lower rmsd values for the syn topology. A preference for the syn topology for these mutants can explain the lack of their binding activity.
More importantly, we find that the mutants Ala 2 Leu 2 -6 and Ala 2 Leu 2 -8, which belong to class I, also have lower rmsd values when simulated starting from the syn form than they do from the anti form (Fig. 4) . These mutants show binding ability to RNA in vitro but not in vivo. They also have the highest folding and unfolding rates among the other mutants in class I. The preference for Ala 2 Leu 2 -6 and Ala 2 Leu 2 -8 to adopt the syn rather than the anti topology would explain their different thermodynamics and kinetics. The fast kinetics follows from the smaller barrier found in this study for the syn topology. We note that the rmsd values of all of the sequences from the bisecting U, when simulated starting from it, were always found to be much larger than those obtained for the anti and syn forms.
Conclusions
We propose that the non-Hammond kinetic effects found for mutants with similar stability as the WT Rop protein can be explained by a large conformational change caused by the mutation(s). A possible explanation is that the symmetry of the structure Table 1 .
allows for an element of frustration. Based on the in vitro activity of these mutants, it was assumed previously that they all adopt the same anti topology as the WT Rop, but their lack of in vivo binding ability leads us to question this hypothesis. We tested whether a few of these fast-folding͞unfolding mutants might actually fold into the syn or bisecting U topologies that were found by x-ray to be the structure of other Rop mutants but have not yet been studied kinetically in the laboratory. We compared the predicted folding mechanism and rates of a protein folding into the anti topology with that for the syn topology by using a native topology-based model that was found recently to correctly capture the binding mechanism and the binding TSE of many other homooligomers. The anti topology has a higher barrier for folding than does the syn topology. The folding nucleus for both cases involves the residues around the loop (the C terminus of helix 1 and the N terminus of helix 2). In the syn topology, these residues from one chain interact with the corresponding residues of the other chain. In the anti topology, however, these residues interact with the termini of the other chain. The participation of the termini in the TSE accounts for its higher barrier for folding and unfolding. The all-atom modeling of the 17 Rop mutants as the anti, syn, and bisecting U topologies suggests that at least the two fastest folding mutants probably adopt the syn topology rather than the anti or the bisecting U topologies. This modeling would support our proposal that the origin for the folding speeding up is the presence of a different topological structure of nearly the same free energy but with a lower free-energy barrier for formation and breakup. The Rop mutants that exhibit only a moderate speeding up of the folding and unfolding do not display in the all-atom modeling a strong preference toward the syn topology. However, the symmetry imposed in the sequences of the mutants when redesigning the hydrophobic core of the homodimers introduces energetic frustration that may lead to nearly degenerate structures. Accordingly, we expect that some of the mutants may adopt both the anti and syn topologies and may populate both structures in solution. Similar behavior of conformational nonspecificity due to symmetry in the sequence was observed previously in the design of the ␣ 2 family of dimeric four-helix-bundle proteins (32) . An early designed member of this family, ␣ 2 B, consisted of a pair of interconnected, identical helices, the sequences of which consisted of only Leu, Glu, and Lys. This sequence shows a molten globule-like conformation. When the sequence degeneracy of the helices was reduced (␣ 2 C peptide), the protein showed an increased ability to adopt a unique conformation. However, additional changes in the sequence (␣ 2 D peptide) were needed to induce a complete conformational specificity (33) . In the present case, the redesigned hydrophobic cores introduce symmetry in the sequence that destroys the conformational specificity of the WT Rop, which causes it to adopt the anti topology. The existence of a mixture of at least two topological structures for the Rop protein variants can rationalize the in vitro activity and the lack of in vivo activity of some of the Rop mutants. A mixture of anti and syn topologies (even when the syn topology is much more populated than the anti topology) might show binding activity because the anti conformation, which is the active form of Rop, will become a dominant part of the population by virtue of the binding to RNA itself.
The existence of two competing topologies, each being preferred by different mutants or simultaneously populated in a mixture, resolves not only the mystery of Rop-folding kinetics but also can explain the biphasic kinetics found for the slow-folding mutants but not found for the fast mutants (15) . Moreover, the decoupling between the thermal and chemical denaturation can be understood also by taking into consideration the possibilities of coexistence of two different structures (34) . We see that recognizing the frustrated energy landscape of Rop caused by its symmetry provides a coherent framework to unravel the mystery of Rop folding. We feel this explanation is much more concrete and fits more comprehensively the observations than does the recent proposal that the key to understanding the Rop kinetics is a strong drying effect due to there being more hydrophobic residues in the core (35) . The fact that hydrophobic dewetting and collapse have not been found to decouple for the binding of two rigid protein domains (36) makes it even less probable for such decoupling to occur in a folding͞ binding reaction involving flexible elements, as seems to be the case for Rop.
Variations in the folding and unfolding rates of homologous proteins are common and usually can be explained as Hammond effects, consistent with a simple funneled landscape. NonHammond effects of significant acceleration of both folding and unfolding while maintaining the stability of the WT protein are less common, but such effects have also been reported recently for repeat R15 of ␣-spectrin when compared with isolated repeats R16 and R17 (37) . In addition, a recent de novo designed acylphosphastase protein exhibits a similar non-Hammond effect (38) . In our view, it would not be unwise to consider the possibility of extreme conformational changes in these cases as well as in the present case of Rop dimer.
